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A reactive dc cosputtering technique has been used to  evaluate compound formation in 
bimetallic transition-metal nitride systems. A wide range in M-M’ composition can be studied 
in a single deposition run, and the method is applicable to nonalloying metal combinations. 
Using this technique, it was found that 6-NbN and YN form a continuous (Nb,Y)N solid solution 
of the NaCl type, in which the superconducting transition temperature varies with the Nb:Y 
ratio. In the Gd-Cr-N system only limited solid solubility of CrN and GdN was found, and 
evidence was obtained for a new Gd-Cr-N species centered around the GdCr2 composition. 
This species shows a low-temperature magnetic transition. 

Introduction 

Transition-metal nitrides display a wide spectrum of 
interesting physical properties that make them useful 
materials for a variety of different purposes. These range 
from coatings of high mechanical hardness and specular 
nature (TiN) to superconducting materials with high 
critical current density (6-NbN) and magnetic materials 
(e.g., Ternary transition-metal-containing nitrides 
are of interest as they should make a wider range of nitride 
structure types available, in which the electronic and 
magnetic properties can be more finely tuned. This can 
be done extensively in transition metal oxide systems. 
Unfortunately these ternary species are exceedingly dif- 
ficult to synthesize, partly due to the highly refractory 
nature of transition-metal nitrides. Although in recent 
years interesting progress has been made in the synthesis 
of ternary species using reactive nitrides such as Li3N and 
M3N2 (M = Ca, Sr, Ba),2 the most frequently used method 
is the nitriding of binary alloys. This method often yields 
relatively nitrogen-poor phases of the interstitial nitride/ 
carbide type. It is also not as readily applicable to metal 
combinations that do not form binary alloys. Here we 
describe a method using reactive dc cosputtering of two 
metals to evaluate compound formation in M-M’-N 
systems in a relatively simple manner. The technique is 
applicable to nonalloying metal combinations. This 
approach is used to study the previously unexplored 
Y-Nb-N and Gd-Cr-N systems, providing evidence for 
a new superconducting (Nb,Y)N solid solution and a new 
Cr:Gd = 2:l nitride species. 

Experimental Section 
Thin films of binary transition-metal nitrides have been 

successfully produced by a number of reactive sputtering 

(1) (a) Storms, E. K. Phase Relationships and Electrical Properties 
of Refractory Carbides and Nitrides in Solid State Chemistry; Roberts, 
L. E. J., Ed.; Butterworth London, 1972; pp 37ff. (b) Thot, L. Transition 
Metal Carbides and Nitrides; Academic Press: New York, 1971; pp 176ff. 
(c) Geballe, T. H.; Matthias, B. T.; Remeika, J. P.; Clogston, A. M.; 
Compton, V. B.; Maita, J. P.; Williams, H. J. Physics 1966,2, 293. (d) 
Goodenough, J. B.; Wold, A.; Amott, R. J. J. Appl. Phys. 1960,31,3425. 

(2) (a) Cordier, G.; Gudat, A.; Kniep, R.; Ftabenau, A. Angew. Chem., 
Int. Ed. Engl. 1989,28,1702. (b) Chern, M. Y.; DiSalvo, F. J. J. Solid 
State Chem. 1990,88,459. (c) Vennos, D. A.; Badding, M. E.; DiSalvo, 
F. J. Inorg. Chem. 1990,29,4059. 
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Figure 1. Representation of the geometry of the two sputtering 
guns, sample substrates, and copper trap as used in the reactive 
cosputtering experiments. The substrate heater and a third 
sputtering gun used to deposit the AlN protective overlayer are 
not shown. 

techniques. Especially reactive dc sputtering (using NdAr 
sputtering gas) allows deposition of nitride films at low substrate 
 temperature^.^ The combination of high surface mobility and 
low bulk diffusion (the substrate temperature being much lower 
than the temperatures used in bulk nitriding reactions) enables 
the formation of metastable phases, e.g., superconducting 6-NbN.’ 
In our investigations the reactive sputtering conditions for one 
type of binary nitride for each of the metals are optimized 
separately, followed by a simultaneous reactive cosputtering 
deposition using the setup as described below. This technique 
has previously been used in our lab to investigate the psudobinary 
Gd-Y-N solid solution system: 

The experimental setup used consists of a vacuum chamber 
equipped with two dc sputtering guns positioned relative to the 
substrate holder and heater assembly as shown in Figure 1. A 
series of nine 1 X 1 X 0.05 cm amorphous silica substrates was 
placed in fixed positions along the line between the sputtering 

(3) (a) Gavaler, J. R.; Hulm, J. K.; Janocko, M. A.; Jones, C. K. J. Vac. 
Sci. Technol. 1969,6,177. (b) Van Dover, R. B.; Bacon, D. D.; Sinclair, 
W. R. Appl. Phys. Lett. 1982,41,764. 

(4) Bacon, D. D.; English, A. T.; Nakahara, S.; Peters, H.; Schreiber, 
H.; Sinclair, W. R.; Van Dover, R. B. J. Appl. Phys. 1983,54,6609. 

(5) Schneemeyer, L. F.; Van Dover, R. B.; Gyorgy, E. M. J. Appl. 
Phys. 1987,61 , 3543. 
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(6) Theuerer, H. C.; Hauser, J. J. Trans. AIME 1966,233,588. 

350 

x.029 

300 
Nbl -xYx N 60 

n n C  

x =O 66 W 

150 
U 

.r111 0 5 10 15 20 25 

50 100 150 200 250 2 
TEMPERATURE (K) 

33 

3 

Figure 3. Temperature-dependent resistivity of the (Nb,Y)N 
films. The indicated compositions were inferred from lattice 
constants using Vegard's law. The inset shows the supercon- 
ducting transitions for the four Nb-rich samples. 

obtained in this cosputtering apparatus and allow us to 
infer that Figure 2 reflects the validity of Vegard's law (a0 
proportional to composition in a solid solution) and that 
the compositions shown range from Nb:Y = 32:68 to 965. 
Four-point resistivity measurements on the Nb-Y-N films 
(Figure 3) show a gradual decrease of the sheet resistance 
a t  agiven temperature with increasing Nb content. Onset 
of superconductivity is observed close to 4.2 K when the 
Nb content approaches 71 metal atom %. The super- 
conducting transition temperature T, then gradually 
increases with increasing Nb content. This suggeets that 
in this (Nb,Y)N solid solution the superconducting tran- 
sition temperature can be continuously scaled from the T, 
of pristine 6-NbN (14 K under present deposition con- 
ditions) to 4 K, and presumably below, by adjustment of 
the Y content. Note that (metallic) 6-NbN has an R(n 
curve which is essentially flat or has a slightly negative 
slope. This is commonly observed in NbN films and is 
attributed to a small grain size, which gives a very high 
scattering rate. This does not directly degrade super- 
conductivity in the material (in fact, the small grain size 
leads to a high density of pinning sites, which results in 
extremely high critical currents in this material). 

(Gd,Cr)N. An investigation of the Gd-Cr-N system 
was started by determining the conditions at which reactive 
sputtering of the elements individually produced cubic 
NaC1-type nitrides. The type of chromium nitride de- 
posited proved to be highly sensitive to the composition 
and pressure of the sputtering gas. At 5 mTorr (0.67 Pa) 
of 15 mol % NdAr (substrate temperature 750 "C) films 
of hexagonal j3-CrzN7 are formed (a  = 4.776 (1) A, c = 
4.449 (2) A by X-ray diffraction). The films exhibit a low 
resistivity (86 p a  cm at 300 K) and metallic behavior. An 
increase of Nz partial pressure to 30 mol % Nz/Ar and 
total pressure of 14.4 mTorr (1.9 Pa) results in deposition 
of films of cubic CrN ( a  = 4.135 (1) A a t  300 K), which are 
more resistive (~(300 K) =: 1.87 mi2 cm). Resistivity 
measurements on this film show a marked inflection 
around the Nee1 temperature (approximately 270 K) 
reported for bulk samples.8 Interestingly, in an earlier 
report on reactive rf sputtering of Cr-N films as function 
of Nz partial pressure, only deposition of CrN and Cr metal 

(7) Lux, H.; Eberle, L. Chem. Ber. 1961, 94, 1562. 
(8) Corliss, L. M.; Elliott, N.; Hastings, J. M. Phys. Rev. 1960, 117, 

929. 
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Figure 4. Magnetic susceptibility vs 5" for three Gd-Cr-N 
sampleawithincreasing Crcontent (from atoc), showingmagnetic 
transitions of Gdl-,CrzN (in a) and (at lower temperatures) of 
the new Gd-Cr-N species. 

was ~bserved .~  At both nitrogen partial pressures men- 
tioned above, reactive sputtering of Gd produced films of 
cubic GdN (a  = 4.990 (1) Ahlo At  30 mol 9% NdAr, the 
GdN produced had a magnetic transition at  30 K, below 
which the sample was ferromagnetic. 

Reactive cosputtering of Gd and Cr a t  30 mol 5% NdAr 
(1.9 Pa total pressure, substrate temperature 750 "C) 
produced metallic gray specular fiis. They range in metal 
composition Cr:Gd from 9010 to 37:63, as determined by 
Rutherford backscattering spectrometry. The average film 
thickness is 3000 A. The films have a strongly negative 
temperature coefficient over the entire compositional range 
studied. The temperature dependence of the resistivity 
indicated that the samples are not in the intrinsic 
semiconducting regime, and thus an activation energy 
related to a band-gap cannot be inferred.'l X-ray dif- 
fraction showed that the end members of the series of 
samples contained cubic NaC1-type nitrides with cell 
parameters differing slightly but reproducibly from the 
binaries. Cell parameters observed for the cubic Gd-rich 
and Cr-rich phases are respectively 4.960 (2) and 4.207 (2) 
A. Assumption of Vegard's law for a cubic (Gd,Cr)N solid 
solution and the experimental cell parameters for the 
binary nitrides suggest solubility limits for this NaC1-type 
solid solution of (Gdo.&ro.w)N and (Cro.~sGdo.o.~)N for the 
Gd- and Cr-rich side of the phase diagram, respectively. 
The X-ray diffraction lines get significantly broader on 
moving away from the Gd-rich or Cr-rich ends to more 
intermediate compositions, rendering X-ray diffraction 
useless for characterization of these samples. Electron 
microscopy showed that the grain size of the films 
deposited was very small (160 A). Electron diffraction 
on a sample with (Cr:Gd) = (65:35) showed a powder ring 
pattern that is not derived from a NaC1-type structure.12 
It is accompanied by a trace of cubic Gdl,Cr,N phase, 
which is present more prominently in a Cr:Gd = 52:48 

(9) Shih, K. K.; Dove, D. B.; Crowe, J. R. J. Vac. Sci. Technol. 1986, 
A4, 664. 

(IO) Hulliger, F. In Handbook on the Physics and Chemistry of the 
Rare Earth;  Gschneider, K. A., Eyring, L. Eds.; North Holland: 
Amsterdam, 1979. 

(11) The It(?') curve of the most Gd-rich sample fita the form R(T)  
= Roe*/"/', indicating variable-range hop ing. The other samples had 
a complicated temperature dependence whch is not easily interpreted 
but certainly suggesta some sort of activated process. 

(12) Observed d spacings associated with the new species from electron 
diffraction are 2.91, 2.62, 2.30, 1.98, 1.40, 1.30, and 1.20 A. 
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Figure 6. Tentative Gd-Cr-N compositional diagram deduced 
from the data on the Gd-Cr-N cosputtered films. 
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sample. The lines of the new species coexist with lines 
from cubic Crl,GdXN in a Cr:Gd = 77:23 sample, 

Magnetic susceptibility measurements on the films 
(Figure 4) showed the presence of two species in the Gd- 
rich samples that order magnetically. The transition at  
higher temperatures can be attributed to cubic Gdl,Cr,N, 
the transition at  lower temperatures appears to be due to 
the new species observed by electron diffraction: on 
increasing the Cr content the high-temperature transition 
recedes, whereas the low-temperature transition persists. 
This transition is initially found at  10 K and shifts to 
lower temperatures, eventually below 4 K at higher 
chromium content. Measurements of the paramagnetic 
susceptibility above 50 K indicate that the Gd and Cr 
moments are essentially constant for all of the samples. 
Assuming that the Gd3+ moment is =7.9 pg, the Cr effective 
moment is inferred to be =2.8 pg. This is somewhat lower 
than expected for Cr3+ and may indicate N deficiency. 
Measurements of the saturation moment were inconclu- 
sive, possibly due to complications associated with the 
extremely small grain size. 

The data obtained thus far suggest the following for a 
tentative Gd-Cr-N phase diagram (Figure 5) under the 
applied conditions. At the Cr- and Gd-rich extremes of 
the Gd-Cr line, NaC1-type solid solutions (Crl,Gd,)N (x :  
50.07) and (Gdl,Cr,)N ( x  50.04) are found. Around the 
composition GdlpCr2p a phase is present with a different 
structure type. This phase is probably not a line phase, 
as the magnetic transition temperature it exhibits varies 
with overall sample composition. The single-phase region 
of unknown width is flanked on either side of the 
composition line by mixed-phase regions where this phase 
coexists with either of the NaC1-type solid solution phases 
mentioned above. It should however be remembered that 
reactive sputtering deposition is a nonequilibrium process 
and that our findings summarized in Figure 5 do not 
represent phase relationships in thermodynamic equilib- 
rium. 

Summary and Conclusions 

Reactive dc cosputtering of two metals is a convenient 
technique for preparation of M-M'-N thin films over a 
range of M-M' compositions in a single run. Analysis of 
these films by RBS, X-ray diffraction, electron microscopy, 
and magnetic susceptibility and tranaport measurements 
has allowed an investigation of compound formation in 
the Nb-Y-N and Gd-Cr-N systems. We observed a new 
continuous (Nb,Y)N solid solution and found evidence 
for a new Gd-Cr-N species with a low-temperature 
magnetic transition. Although unsuitable to prepare bulk 
amounts of the ternary nitrides, the technique has allowed 
the study of two ternary nitride systems involving non- 



Ternary Transition-Metal Nitride Sys tem 

alloying metal pairs at substrate temperatures considerably 
lower than the usual annealing temperatures for ceramic 
nitrides. Furthermore, films that are extremely moisture 
sensitive can be protected from the atmosphere by a thin 
protective overlayer. This permita investigation of the 
electrical properties of the nitrides, which is often difficult 
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or impossible to do with bulk air-sensitive powders. The 
information obtained by this cosputtering method may 
then be used to separately investigate specific compositions 
of interest (e.g., the CraGd metal ratio), for example, by 
sputter deposition of single-composition ternary nitride 
from an arc-molten and quenched mixed-metal target. 


